The aim of the research described in this paper is to measure the wind to better understand it, so that it can be modelled correctly in predictions, and to learn how the wind excites tall buildings. The paper describes two research projects of full-scale wind engineering measurements. One research project captured wind speeds from tower-mounted anemometers in complex terrain which have beencompared with predictions from CFD, wind tunnel measurements and the Australian/New Zealand Standard. The other research project measured the motion of four different tall buildings in Wellington and Auckland and compared those motions with predictions from wind tunnel measurements and the Standard. The research found that the wind tunnel modelling and CFD code Gerris gave results which agreed well with the observations, but that the AS/NZS1170.2 wind speed-up predictions differed significantly when carried out by different organisations. It was found that the building motion could be predicted reasonably accurately using a simple predictive equation based on building properties and the one-year return period design gust wind speed from AS/NZS1170.2.
Introduction
The paper is primarily focused on two comprehensive full-scale sets of wind engineering measurements, but a brief summary of some historical wind engineeringmeasurements is provided herewith to put the material into context.
The sudden increase in oil prices in the 1970smade NZ realise how dependent it was on imported oil for energy, and so it established an organisation called the NZ Energy Research and Development Committeeto study ways of mitigating this dependency. It also established and partially funded the Wind Energy Task Force which coordinated a cross-disciplinary team of engineers and physicists drawn from universities and government departments. This organisation then carried out a wind energy resource survey beginning in 1974 [Cherry (1980 , Edwards, (1990) ], which may have been one of the first full-scale wind engineering activities in NZ. Around the same time research in wind energy became more active at the Universities of Auckland, Canterbury and Otago in NZ. For example at the University of Canterbury research on the wind became a major theme, and a boundary layer wind tunnel was built and used to study wind protection by fences [Raine and Stevenson (1977) ]. In addition funding was obtained and used to build masts, propeller anemometry and field data acquisition equipment for measuring full-scale wind structure over rural terrain [Flay et al. (1982) ], over hills and escarpments Lindley, (1974, 1977) ], channelling in valleys [Meroney et al., (1979) ], and over saddles [Neal (1982) ]. At the same time research on wind pressures on buildings was being carried out at the University of Auckland [Feasey and Freeston (1977) ]. Full-scale measurements of wind structure were carried out by Jackson at the Ministry of Works Central Laboratories using an instrumented tower in Wellington [Jackson, (1976) ]. Since that very active time of wind engineering research in the 1970s, motivated to a large degree by interest in wind energy, there has been much less full-scale wind engineering measurements in more recent times in NZ.Protection of kiwi-fruit motivated work on wind protection by fences [Richards (1986) ], and validation of wind tunnel predictions of pedestrian level winds around proposed buildings motivated some further full-scale work [Carpenter (1990) , Chiappini and Flay (2004) ] but there was much less interest in wind measurements than in the previous decade. NIWA records wind data from multiple sites around NZ mainly for weather forecasting, which are also analysed to obtain reference wind speeds for wind loading [e.g. Reid (1987) ], and that activity has beenon-going. However, since the 1990s there has again been renewed interest in wind energy, and considerable efforts have been undertaken to conduct wind speed measurements for assessing the wind resource of potential NZ wind farm sites. However, in general these data are not published.
The full-scale measurements of wind speed-up over hills, and of tall building motion that are the main focus of the present paper were motivated by shortcomings in prediction methods that had been observed by the authors.
Part 1: Wind Speed-up Measurements Over Belmont Hill
New Zealand's hilly, often mountainous, terrain is oriented approximately SSW-NNE creating a barrier 1500 to 2000 m high along both its main islands and is in the path of often strong, predominantly westerly winds that occur at these latitudes. The wind flow is significantly modified by the hilly terrain over which it passes. These topographic effects on wind speed are recognised in the Australia/New Zealand Loadings Standard, AS/NZS 1170.2 (2011) -a reference document for the New Zealand building code.
Within the Standard wind forces are prescribed as the product of a referencegust dynamic pressure of the wind and a shape-related pressure coefficient, C pe . Topographic enhancement is allowed for with a topographic multiplier, M t , which is made up of a hill-shape multiplier (1<M h <1.71 resulting in up to 3x wind force), which depends on hill shape and steepness and the distance of the site from the hill crest, and a Lee Multiplier, M lee to be applied within Lee Zones downwind of hill ridge lines. While the physical basis for including these effects is clear, the methods to predict these factors are very simplified and need improvement. This fact combined with some recent severe wind events: the 2004 Molesworth Windstorm (Reid and Turner, 2004) ; the 2007 Taranaki Tornadoes (Reese et al., 2007) ; the 2008 Greymouth windstorm (Revell et al., 2009) ; and several other recent storm events, have caused renewed interest in wind engineering and a questioning of the guidance offered by the loadings standard. Consequently the present research project was set up to provide the basis for reviewing the calculation methods in the Standard for the topographic multiplier M h . This paper presents some of the results from an experiment to compare measured wind speedups over the rugged Belmont Regional Park in the Wellington area of New Zealand with wind speedups estimated from the AS/NZS 1170.2 loadings code, through computer modelling, and through wind-tunnel modelling. The computer modelling was done with the CFD code Gerris, developed in-house by NIWA, and with WASP. For a detailed description of Gerris, see Popinet (2003) , and Popinet et al. (2004) . Further details on the research are available in the final report on the research project, King et al. (2012) , and aspects of the research have been presented in conference papers , Flay et al., 2013 .
Measurements of Wind Speed-up
The research project was focused on measurements and modelling of topographic speed-up effects within the Belmont Regional Park near Wellington. The area is typical of much New Zealand hill country (see Fig. 1 ) where important infrastructure is located. The terrain is not simple -a lower ridge upstream (for northwesterly winds) and approximately parallel to the highest elevations adds complexity to the terrain. Furthermore the valley behind this ridge could be expected to be somewhat sheltered. Vegetation was mainly short to moderate grass with the few trees and scrub in the vicinity, confined to gullies, giving a design wind terrain roughness classification of 2 (according to AS/NZS 1170.2), although the terrain perturbations (ridges and valleys) are much larger than the terrain roughness.
Nine portable masts (5 m high) with Vector A101m 3-cup wind speed sensors (accurate to 1% in the 10-55 m/s range) and Vector W200P wind vanes (direction accurate to ± 3°) were deployed. Siting of the masts was aided to some extent by prior CFD modelling with the CFD code Gerris under idealised NNW flow but the main consideration was reasonable access to the masts from roads/tracks in the park.
Topographic information describing this site was used to create a digital terrain model for the CFD (Gerris and WASP) investigations by NIWA and a physical model at a scale of 1:2000 for the wind tunnel investigation carried out by Opus. Wind speedups along the ridge shown in Fig. 1 were also determined using the codified procedures in AS/NZS 1170.2.
Full-scale Observations of Wind Speedup
Several sets of full-scale measurements of wind speed were made over the first 6 months of 2011. The paper focuses on the 18-hour observation period from 12 noon on 6 February, to 6 am on 7 February 2011 when the wind direction was approximately 345°. Fig. 2 shows the site looking upwind for this direction. Three-second wind observations were collected at all 9 masts during this period. Means, maxima, standard deviations, turbulence intensities plus directions of average and maximum winds for this period are displayed in Fig. 3 which shows that the wind direction is nearly constant across the nine masts from about 345° except at the sheltered
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Fig. 2.
View from the southeast showing the area studied, looking directly upwind for the 345° wind direction. Porirua can be seen in the background. Ridge used for Met masts and anemometers is slightly to right of centre. masts 6, 7 and 8; The average speeds and the maximum gusts vary very similarly across the masts; The standard deviation (STD) of the wind speed is fairly constant at about 2.5 m/s across all the masts; The maximum gust at each mast is predicted within a few % by the mean speed plus 3.7*STD. In order to determine speed-ups based on these observations, an estimate of the wind speed at a 5 m elevation at a neighbouring site at a location not affected by the Belmont Hills was required. Wellington Airport wind records (Carpenter and Reid, 1990) were used for this purpose as hourly means and maximum wind gusts data are available there at a height of 7 m, and so were adjusted to a height of 5 m and by a1.1 channelling factor for the site, for each of the 18 one-hour periods for which the Belmont observations were available. The averaged results of these calculations for both mean and maximum gust speedups are shown for each mast location in Table 1 . Note that these are ratios of mean/mean and gust/gust which is why the gust speedups are lower than the mean speedups in some cases. Mast 2 is the most elevated and has the highest speed up, whereas Masts 4, 6, 7 and 8 are sheltered behind ridges and have the lowest speedups, generally less than 1.0.
AS/NZS 1170.2 Loadings Standard Estimates of Wind Speedup
The Wind Loading Standard (AS/NZS 1170.2, 2011) has provision for determining the effect of hills on the wind speed. It is a simplified approach, based on various published data from a number of wind tunnel tests and full-scale measurements. When one attempts to apply this procedure to the Belmont Hill that was used for the full-scale experiments, it is immediately apparent that the procedure is very difficult to apply. The procedure is based on two-dimensional hills, whereas the instrumented Belmont Hill is very three-dimensional. Furthermore, the full-scale measurements are along a ridge as shown in Figs. 1 and 2 .
The approach in the standard requires the user to look upwind over an arc of +/-22.5° with respect to the direction under consideration, and to determine the worst case for the topographic multiplier. This means that one needs multiple contours through each point of interest in order to determine the hill-shape multiplier, M h .
The equation for the hill-shape multiplier (AS/NZS 1170.2, 2011) is:
( 1) wherex is distance from the crest, z is height, H is hill height and L 1 , L 2 are scaling lengths based on the hill height and the hill slope. Calculations for the gust hill-shape multipliers were carried out for each of the mast locations using AS/NZS 1170.2, (2011) for the 345° wind direction by NIWA. This involved using software that had been developed by NIWA to implement the speedup method of the standard. The approach did not appear to follow that in the standard exactly and in the case of the presentlarge complicated hill, the method did not determine a flat "upwind" location as the beginning of the hill, but calculated the speedup from bumps or hills on the larger scale hilly terrain. The estimates from NIWA are given in Fig. 4 , and because they were very sheltered, AS/NZS 1170.2 estimates were not performed for mast locations 6 and 7 by NIWA. Independent estimates of the speedup were also made by the University of Auckland (UoA) using the procedures outlined in the standard and its commentary, except that only the 345° wind direction was analysed, not the worst contour in upwind 45° arcs, as specified in the standard. Difficulties in dealing with the valley shown at top-left of Fig. 1 , and near the top of Fig. 2 resulted in the UoA carrying out two sets of predictions of wind speed-up. One set (sea flat) assumed that the "hill" started at the flat sea, and the other set (valley flat) assumed that the large valley between masts 6 and 9 could be assumed to be flat, thus resulting in the "start" of the hill at this location for masts further downwind. For the latter calculations, the speedup at masts 6, 7 and 8 are really undefined, since they are in the valley, and thus one would expect these masts to be relatively sheltered from wind at 345°. Mast 9 upwind of the valley was assumed to be on the crest of a hill starting at the sea. The speedup predictions from the standard for the gust speed are shown in Fig. 4 . It is clearly evident in Fig. 4 that the estimates using AS/NZS1170.2 from NIWA and UoA are very different. This means that the Standard is very open to error in its use in such complex terrain, which is very common in New Zealand.
This finding is some cause for concern, and may mean that this section in the Standard on the hill-shape multiplier should be subjected to a rewrite in the future to reduce possible ambiguity and error in order to reduce the potential hazard of wind and the risk to important built infrastructure (Reid and Turner, 2004 , Reese et al., 2007 , Revell et al., 2009 , Carpenter and Reid, 1990 .
WASP estimates of Wind Speedup
The potential flow solver WASP, developed by the Wind Energy Division at the Technical University of Denmark was used to predict speedup. It is a widely used wind energy and wind
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Richard G. J. Flay et al. Ground contour along the measurement line, 500 m segments upwind from the crest. Gust speedups from full-scale observations, the wind tunnel, and NIWA and UoA using AS/NZS1170.2. Two sets of UoA results are shown. The "sea flat" estimates assume that the "hill" starts at sea level and the "valley flat" estimates assume that the valley at -500 to -1000 m is flat, and that the hill for masts Met 1 to Met 5 starts at an elevation of 225 m. Wind is blowing from left to right. engineering tool. WASP is described in Troen and Petersen (1989) and is similar to models based on the analysis of Jackson and Hunt (1975) . WASP solves, for a particular location, the potential flow perturbation by the terrain for a unit wind vector in the undisturbed wind direction. The potential flow solution is then modified to account of upwind and local surface friction. For the WASP calculations undertaken here, terrain data were from a 20 m contour DEM (so slightly coarser than that used for the Gerris and wind tunnel models) and terrain with characteristics of Terrain Category 2 (AS/NZS 1170.2, 2011) with a roughness length z 0 = 0.02 m was assumed. Calculations were done at 40 m intervals on a grid (rotated 15° west of north) covering the Belmont study site for an altitude of 5 m. Hill-shape multipliers for the mast locations ranged between 0.74 at Mast 7 and 1.72 at Masts 2 and 9, although some other locations (not at mast positions) had higher values.
Gerris Estimates of Wind Speedup
CFD modelling was also done using the code Gerris, which uses a time varying, adaptive grid to solve the Navier Stokes equations, as described in Popinet (2003) . The topography was based on high resolution terrain contours every 5 m in the vertical direction and the Gerris model resolution is 10 m in the vertical and 40 m in the horizontal direction at the highest resolution. The model was run for 20 minutes of simulated time to allow the flow to settle down and then statistics (means and standard deviations) were generated over the next 20 minutes at heights of 5 m at each mast location. The inflow condition was a wind from 345° with a logarithmic velocity profile based on a roughness length of 20 mm and a speed of 20 m/s at 500 m -Terrain Category 2
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K-179 (AS/NZS 1170.2, 2011). A free slip lower boundary condition was used and it was assumed that the dominant turbulence production in the lower layers would be created by flow separation off the fairly rough upstream terrain. No parameterisation of sub-grid scale turbulence was added to the model. The Gerris topography, location of masts and computational grids for a horizontal and vertical slice are illustrated in Fig. 5 .
Comparison between the observations and the results of the model simulations for this flow can be seen in Fig. 6 . Apart from at the easternmost mast 1, there is remarkable agreement between observed and model simulated average speeds at the masts with a correlation of 0.96. The STD of the wind speed is very close to 3.5 m/s across the mast array. This is a little higher than the observed STD of about 2.5 m/s across the masts and is probably explained by the lack of a sub-grid scale turbulence dissipation scheme. At this resolution, it is clear that the Gerris CFD model is representing the mean modification of the incoming flow by the orography very accurately, but is overestimating the turbulence.
However, in order to compare the Gerris results with the other methods, these wind speeds need to be expressed as speed-ups. For the mean speed-ups, this was done by dividing the 5 m wind estimated by Gerris at each mast location by the corresponding 5 m wind at the inflow boundary, namely 11.18 m/s. In order to do the same for the gust-based speedups the gust speed was estimated as the mean speed plus 3.7 times the standard deviation, the same method as used for the wind tunnel calculations in the next section.
Wind Tunnel Measurements of Wind Speedup
The wind tunnel tests were undertaken by Opus and more details are available in a separate report . A scale of 1:2000 was selected for the wind tunnel model. The choice of scale wasa compromise between competing requirements. In general, a larger model scale is desirable for accuracy in positioning the wind speed measuring equipment, and for the aerodynamic simulation (e.g. Reynolds Number), while a smaller scale is desirable in order to be able to model a sufficiently large area around the test site, and to fit the model into the wind tunnel. The Opus wind tunnel turntable is 2.6 m in diameter, which allowed a full-scale diameter of width of 5.2 km at the chosen scale of 1:2000. It was decided that it was necessary to include at least this much area of the Belmont Regional Park study area in order to be able to include an adequate area of model upwind of the measurement sites. 5 m contour data of the study area were obtained from a 2011 aerial survey. The data were supplied by the Greater Wellington Regional Council. The model was made from high density white polystyrene foam using a numerically controlled milling machine.
It was aimed to reproduce a terrain roughness Category 2 boundary layer simulation (z 0 = 0.02 m) the same as used in the CFD WASP and Gerris simulations. After some experimentation, the surface roughness selected for the model consisted of a dense coating of sand glued to the model surface (grade 20-30 standard sand, which has 0.7 mm typical grain size) covered with a single coat of paint. Fig. 7 shows the 1:2000 scale model in the wind tunnel, viewed from the northwest, and shows the locations of the nine cup anemometers.
The height of the NIWA anemometer poles was 5 m, equivalent to 2.5 mm at a scale of 1:2000. This was the lowest height above the surface that was measured in the wind tunnel study. The wind speed measurement probe was therefore very close to the model surface height, with potential influences due to height measurement error or model surface irregularities. It was therefore considered that the measurements at 2.5 mm height had the possibility of being less consistent than measurements at greater heights. For this reason a height of 10 m (5 mm model scale) was selected for a regular grid of speed measurements, over the study area approximately 2.5 km long by 1 km wide. The locations of the wind tunnel measurement stations can be seen in Fig. 8 , which also shows the nine cup anemometer locations, Met1 to Met9.
All testing was carried out at a wind tunnel mean speed of 12.0 m/s at a height of 500 mm. The wind speeds were measured using a single-wire hot film anemometer probe with the wire horizontal, in order to measure the wind speeds blowing up and over the hills, but not to measure
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Richard G. J. Flay et al. any wind speed component across the wind tunnel. It was anticipated that the lateral velocity component would be the smallest of the three components. The wind speeds were recorded at 1000 Hz, typically for 1 minute at each location. Some selected locations, including the locations of the full-scale anemometers and the reference atmospheric boundary layer measurements (to develop the correct onset wind structure) were recorded for 2 minutes. In the subsequent analysis, a 250 Hz moving average filter was applied to the recordings, which was equivalent to applying a 3-second moving average at full scale. This was . Some locations were also tested for directions 320° and 360° and linear interpolation was used to calculate the speeds for a wind direction of 345° for comparison with the site wind speed measurements and the other predictions from CFD and the wind loadings standard (see Fig. 4 ).
The speed measurements at the range of heights mentioned above were used in Matlab to interpolate speeds elsewhere as a function of height. Fig. 9 shows such an interpolation obtained from the measured gust hill shape multipliers for a wind direction of 340°, with the wind shown blowing from the left in the plot. The cross-section shown is drawn through all the NIWA cup anemometer measurement locations which are marked as black dots, plus additional selected locations marked as red dots. It is therefore not a section along a straight plan line. The x-axis in the plot is calculated as distances along a 340° bearing, with the model centre as the arbitrary zero. It is clearly evident in Fig. 9 that the highest speedups occur near the tops of peaks, and that the lowest speedups occur in the valleys. This is as-expected. Fig. 10 shows the mean and gust hill shape multipliers measured in the wind tunnel at a height of 10 m above local ground level for a wind direction of 340°. It is of interest to observe that the mean speedups show the most variability and are both the highest near the hill tops, and the lowest in the valleys, compared to the gust speedups which do not change so much. Fig. 11 shows a colour contour plot of the gust hill shape multipliers measured in the wind tunnel for a wind
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K-183 Fig. 9 . Cross-section of the gust hill shape multipliers measured in the wind tunnel for a direction of 340°. The wind is blowing from the left.
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Richard G. J. Flay et al. direction of 340° at a height of 10 m, within the area of the regular grid, and is superimposed on a topographical contour map. Whilst somewhat hard to see, it is evident that the highest gust speedups occur near the tops of hills, and the lowest values occur in the valleys.
Comparison of Speed-up Results from all the Methods
The results compared here are the hill shape multipliers for the nine anemometer locations Met1 to Met9 at 5 m above ground level for a wind direction of 345°. The results from full-scale observations, the wind tunnel, CFD (WASP and Gerris) and AS/NZS1170.2 are listed in Table 2 . The gust speedups from the full-scale, Gerris and wind tunnel results show good agreement, whereas the agreement with the results from WASP is not so good and the predictions from the standard AS/NZS1170.2 are worse still. It was found that the agreement between full-scale, Gerris and wind tunnel was slightly better for the gust hill shape multipliers than for the mean hill-shape multipliers. This may be explained by the fairly flat distribution of STD over the various mastsso the estimated maximum wind gust (mean + 3.7* STD) speedups are in essence a smoothed version of the mean speedups. The agreement is also better for the anemometers with significant speedup over the hill (anemometer locations 1,2,3,5,9) compared to the anemometers which have small speedup or are in more sheltered locations (anemometer locations 4, 6, 7, 8) . The insensitivity of the loadings standard estimates at hill tops compared to valleys and the large variations between the NIWA and UoA calculations is of concern and is discussed further in the next section.
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K-185 As discussed earlier, wind tunnel speedup measurements were obtained at model heights equivalent to full-scale heights of 5 m, 10 m, 20 m, 50 m, 100 m, 200 m, and 500 m at the locations of the anemometers for wind directions of 340° and 360°. Linear interpolation was used to estimate the speedups for a wind direction of 345°. Values for mast Met5 are given in Table 3 . It is instructive to investigate what slope is necessary in order for the wind loading standard to give the same speedup as measured in the wind tunnel. It can be shown from Eq (1) that the speed-up at the crest of a hill is related to the slope, s by the relationship,
If it is assumed that the gust speedup for a height of 5 m approximates that at ground level, then the slope necessary to achieve the speedup of 1.31 obtained in the wind tunnel can be found from Eq (2).
(3) This is a much higher slope that the actual slope. Furthermore, if the measurement station is upwind of the crest, then the slope must be higher to get the same speedup.
It would appear that it is only possible to achieve such high slopes by considering localised features of the hilly terrain. The speedup can be recalculated on this basis. Consider only the upwind distance of approximately 800 m for the present hill for mast Met5. Over this region the slope is 0.19. Furthermore, assume that Met5 is on the crest of a "local" hill, so that for this location, x = 0, the hill height H = 150 m and L u = 394 m. Using the procedures outlined in AS/NZS1170.2, (2011), it can be shown that M h = 1.29, which is very close to the wind tunnel value of 1.31. Speed-ups using this approach have been calculated for the same heights as for the wind tunnel measurements and are shown in Fig. 12 with speedup values for the same heights assuming the "sea flat".
The results in Fig. 12 are very interesting and show that although using the local hill slope in the AS/NZS1170.2 approach works well for very low heights, it does not work well above a height of 10 m, when it begins to considerably overestimate the speed-up. The predictions from the standard which assume that the hill goes all the way to the sea show better agreement with the wind tunnel for moderate heights around 50 to 200 m, but this approach also overestimates the speedup for larger heights. Note that it is rare that buildings and structures in New Zealand exceed a height of 150 m, and so perhaps such overestimation is not important, and certainly it is conservative. Thus it is evident that the formulaic approach in the standard works satisfactorily for heights around 100 m, but it does not capture well the large reduction in speedup that occurs with increasing height that is clearly evident from the wind tunnel results. Gust speedups calculated using AS/NZS1170.2 assuming:(1) the hill starts at the sea;(2) that the hill is a local feature, compared with wind tunnel measurements.
Discussion of Results
In order to attempt to answer the question -"How good is the AS/NZS 1170.2 loadings standard at estimating wind speed-up over hills in rugged terrain?"-observed speedups in the Belmont Regional Park near Wellington have been compared with speedup estimates based on: the AS/NZS1170.2 standard, the CFD models WASP and Gerris, and the OPUS wind tunnel. Figs. 13 and 14 combine the results for speedups from all methods for means and gusts respectively. Fig. 13 clearly shows good agreement in the speed-ups of the means from the observations, CFD code Gerris, and the wind tunnel measurements. These three approaches also show good agreement for the gust speedups in Fig. 14, but there are clearly larger differences with the CFD code WASP and the AS/NZS1170.2 estimates of speedup. Possible reasons for this result are discussed below. It was found that in this complex and rugged Belmont Hill region terrain, where shedding of eddies by upstream hills is likely to have an important influence on windspeeds, and the presence of valleys and ridges along the wind direction further complicates the picture, CFD modelling with Gerris or scale modelling with a wind tunnel differentiates very well between the regions where the flow is sped up and slowed down. Results are within 15% and frequently within 5%. A simple potential flow solution with some adjustment for roughness changes using WASP gives less accurate results -tending to over-estimate both the speedups and sheltering. For low heights of 5 m or so, the loadings Standard AS/NZS 1170.2 struggles to differentiate as well between sheltered and exposed sites at scales less than 500 m due to the requirement for fitting the hill to 500 m long straight line segments, and appears to produce variable estimates of design winds depending on the assumptions made by the person carrying out the calculations. However, when results from the standard are compared with wind tunnel results at much larger heights, it appears to perform much better, especially for heights around 100 m. Nonetheless, irrespective of whether the method in the standard uses local values or extensive values for determining slopes, it does not appear to correctly predict the rather large reduction in speedup with height that is evident from the wind tunnel measurements. Perhaps the approach in the standard needs to be modified so that the surrounding fetch that is considered in the slope calculations scales with the height of interest, like the upwind fetch used to calculate the average terrain roughness.
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Unfortunately, modelling a given site with Gerris or a wind tunnel is more expensive (roughly twice the cost) than applying WASP and considerably more expensive (roughly ten times the cost) than applying the Loadings Standard (costing a few hundred dollars for a single site calculation).
In terms of practical advice for someone wanting to estimate a design wind speed in a remote location with rugged topography in New Zealand, the following comments are made. The loadings standard generates a result for a single point whereas the wind tunnel and CFD methods generate values over a large 10 km x 10 km square area at better than 50 m resolution -potentially for many points. For an isolated single location it may be less expensive and more convenient to apply the loadings standard, but because of the potential inaccuracies in the method, it may be necessary to be conservative (apply an over-estimate of the wind speedup). Depending on the size of the proposed structure this may lead to a considerably larger building cost -potentially far outweighing the extra cost in estimating the wind speed more accurately. If estimates at many (more than 10) locations are required in a given 10 km x 10 km square area then it will almost certainly be more cost effective to use a CFD-or wind tunnel-based method.
Recommended Future Research on Hill-shape Multipliers (Wind Speed-up)
It should be noted that the results presented and discussed in the paper are based on one eighteen-hour period of strong winds from a specific direction at a single location. The authors are continuing research on wind speed-up in order to confirm the relative merits of the various methods for other locations and wind directions.
The Belmont experiment is expected to provide useful information to the RiskScape project (King et al., 2008 and Bell, 2009) . One of the aims within RiskScape is to develop an impact/risk forecast by using NIWA's weather and environmental forecasting system (EcoConnect) to feed wind maps (speed and direction) into RiskScape which will allow forecast estimates of possible damage from an imminent storm. However, loss modelling requires high resolution wind data, whereas present routine weather forecast calculations are only available on a 1.5 km grid. The required high resolution speed-up maps could be generated by either "downscaling" the forecast through the Gerris model or by using a multiplier approach. The present Belmont wind speedup research projectd has provided useful calibration data for Gerris over typical New Zealand complex terrain for this purpose.
It is very evident from this research project that AS1170.2 could undergo some improvement in its prescriptive method used for determining wind speed-up. This is because the present approach has been shown to produce different speedups from different people and organisations. Since the speedup factor can potentially be rather large (1.71 for a hill of slope of 0.45) there is a significant potential for either conservative or non-conservative design loads. Hence it is recommended by the authors that New Zealand provide support to enable further research in this area so that the potential errors in such predictions are reduced. This will ultimately provide economies for the construction industry, as structures and buildings will be designed to withstand more closely the imposed with loads to which they are likely to be exposed over their life.
Part 2: Monitoring of Wind-induced Tall Building Motion in New Zealand
This section of the paper describes the results of monitoring the wind-induced motion of tall buildings in New Zealand between 2009 and 2012: four in Wellington and one in Auckland. The monitoring has been undertaken as part of a research programme to develop an improved methodology for the design of buildings, to ensure that wind-induced motion of new tall buildings remains within acceptable limits. Aspects of this research have been described in previous papers , Carpenter et al. (2013a) , Carpenter et al. (2013b) ].
Acceptability Criteria for Building Motion
The ISO provides guidance [ISO Standard 10137 (2007) ] for human response to wind-induced motions in buildings. It indicates that peak accelerations should not exceed the basic evaluation curve for the respective occupancy. There are separate curves for offices and for residences, with the limits for residences being 2/3 of those for offices. The ISO figure is reproduced in Fig. 15 . The
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1 Offices 2 R Residences ISO limits in the frequency range 1 to 2 Hz are approximately 6.1 milli-g for offices and 4.1 millig for residences. Kwok (2009) has discussed the ISO criteria in comparison with other published criteria, and indicated that they are at the low end of the range.The ISO standard specifies that both translation and torsion should be considered in applying the criteria. However, it is not clearly specified in the standard whether these should be considered separately or combined. If the effects of translation and torsion are combined, then the analysis is essentially concerned with the accelerations at the corners of the top floor of the building. If translation and torsion are considered separately, then the analysis is concerned with the accelerations on the whole of the top floor.
In view of the observation by Kwok that the ISO criteria are the lower end of the range of acceptability criteria, it is suggested that translation and torsion should be considered separately in this analysis of building motion and comparison with the criteria, rather than considered together. The practical effect of this is that translation accelerations alone are on average about 30% less than the combined accelerations, and therefore the building is less likely to exceed the criteria when the accelerations are considered separately. This suggestion is also based in the knowledge that none of the measured buildings were reported to the authors as experiencing excessive wind-induced motion.
Buildings Selected for the Study
Two of the buildings which have been analysed are part of the New Zealand GeoNet project. The instrumentation was not specifically installed for the wind motion research. It was fortunate that data from these buildings became available for inclusion in this study.
Three of the buildings were specifically chosen by Opus and University of Auckland for wind motion research. The factors which were considered in selecting these buildings were as follows:
• Two buildings in Wellington were chosen, primarily due to the high proportion of windy conditions in Wellington.
• One building in Auckland was also selected, to provide a wider geographical spread of buildings.
• Some New Zealand buildings have been reported as having high or uncomfortable motion in strong winds. A decision was made not to focus on these buildings, but to study representative tall buildings which could have wind-induced motion at around the acceptability criteria limits. Consequently, none of the buildings that were studied had been previously reported as having detectable wind-induced motion.
• The equipment was located on the building roofs, where it would not typically be noticeable to building users. Buildings with sloping roofs, or with roofs where access was unsafe were therefore unsuitable.
• Relatively modern buildings were chosen, less than 20 years old.
• Some building owners decided that there was a risk of adverse publicity if it became known that their buildings were being investigated for wind-induced motion, and therefore declined our request for access. Consequently, the authors made it standard practice in their approach to building owners, to state that the buildings would not be named in publications arising from the research.
Description of the Buildings
The five buildings which have been analysed are referred to as Buildings A, B, C, D and E, which are listed in the order that monitoring commenced.
• Building B is in Wellington. It is 25 storeys high, with an approximately square planform, and has a structure consisting of concrete perimeter columns with a central core. It was monitored by Opus during the period from 21 August 2009 to 15 October 2009. • Building C is in Wellington. It is 17 storeys high, with an approximately square planform, and has a concrete structure including a wall on one side, and an offset core adjacent to the concrete wall. It was monitored by Opus during the period from 21 October 2009 to 22 February 2010.
• Building D is in Auckland. It is 25 storeys high, with a rectangular planform, and has a concrete structure. It was monitored by Opus during the period from 20 October 2010 to 27 May 2011.
• Building E is in Wellington. It is 28 storeys high, and has a concrete structure. Monitoring as part of the New Zealand GeoNet project has been on-going since early 2012.
Multiple modes of vibration have been identified for each building through analysis of the motion time histories. The measured X, Y and Torsion frequencies for each building are listed in Table 4 . A notable feature of these measured frequencies is the low torsion frequency of Building C. The frequencies in all three directions are similar, and the frequencies in the Y direction and in torsion are the same, indicating that the building oscillates with coupled mode response.
Instrumentation
Buildings A and E have been instrumented as a part of the Geonet Building Instrumentation Programme funded by the New Zealand Earthquake Commission (EQC). This is a long-term programme that aims to install earthquake strong-motion instruments in up to 30 structures across New Zealand. The equipment is set up for earthquake monitoring, recording at a rate of 200 Hz, with limitations on its ability to record continuously. The consequence of this is that much less statistical data were available for the analysis of Buildings A and E, compared to Buildings B,C, and D.
The instrumentation in Buildings B, C and D was installed by Opus. The recording was continuous, typically at a rate of 25 Hz. The two accelerometers were mounted at diagonally opposite corners of the roof, which enabled the X, Y and torsion modes of vibration of the building to be measured. The anemometer was located at a height of 2.5 m above the roof at the windward corner of each building for the most common wind directions. This was the NW corner for buildings B and C, and the SW corner for Building D. These locations meant that the anemometer was sheltered by the building for the other less common wind directions. Only data for northerly winds have been included in the analysis for buildings B and C in this paper, and only data for westerly winds have been included in the analysis for building D.
The height of the anemometer was less than ideal for measurement of the reference wind speed, but provided an adequate measure of the variation in wind speed for the most common wind directions. The reasons that a taller anemometer pole was not used included:
• It was necessary to comply with the city planning rules concerning the heights of structures on the building roofs.
• A short pole was simple and safe to install.
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Data Analysis

Relationship Between wind Speed and Acceleration
The relationship between the wind speed measured on the roof of the building, and the acceleration at the centre of the roof of the building, has been analysed for Buildings B, C and D. The best correlation was obtained from the so-called "effective wind speed" measure of wind speed, which is the average of the 1-hour mean wind speed and the maximum gust speed in the hour. Some measures of the wind speeds closer to the building motion event were also included in the analysis, including the 100 s mean wind speed, the 10 s mean wind speed, and the maximum wind speed during the 100s. The correlation with the measured accelerations was examined for all these wind speed measures. It was notable that the two wind speed measures for the whole hour (the mean and the maximum) produced substantially better correlations than the other measures, and the best correlation of all was achieved using the average of the 1-hour mean and the 1-hour maximum. For Building C the data have been analysed for all hours when the 1-hour mean wind speed at the building for northerly winds exceeded 7 m/s; there were 535 hours of data in this category for Building C. The resulting plot is shown in Fig.16 . The data have been further analysed by averaging the measured accelerations into bands, as shown in Fig.17 . In Figs. 16 and 17 Veff is the average of the hourly mean and the maximum gust in the hour. There was a very good power-law fit to the band-averaged data for all three buildings. The exponents of the power-law fit calculated from the band-averaged data are: Building B:2.89, Building C: 3.10, Building D:3.18.
For the three buildings combined, the average exponent of the power-law fit is 3.06. The measurements consequently confirm the expectation that the exponent would be close to 3 for these buildings, as proposed by Cenek et al, (1989) , and discussed further by .
Building Acceleration Prediction Equations
The 1990 BRANZ study [Cenek and Wood, (1990) ] led to the derivation of a simple equation for prediction of building motion [Cenek et al., (1989) ], given here as Eq. (4). 
Prediction of Annual Maximum Building Motion
A statistical analysis of the largest building motion events for each building has been applied to predict the motions for a 1-year return period. These are listed in Table 6 , which also lists the ISO 10137 limits for each building, and predicted accelerations calculated using Eqn (4). It can be seen that building C exceeds the ISO limit by about 20% at the centre of the building. This building has a coupled mode response which contributes to the higher measured accelerations. The other four buildings are within the ISO limits. Fig.18 plots the relationship between the estimated annual maximum combined XY accelerations from the measured data compared to the accelerations predicted using equation (4). The best fit line through the data indicates that the prediction, on average, under predicts the measured data by 12%. It is reassuring to find that one of the tools that have been applied in NZ for many years provides results which are so close to the measured accelerations of these real buildings.
Revised Building Acceleration Prediction Equation
The prediction equation from Cenek et al., Eq(4) ,developed in 1989 uses1-hour mean wind speeds in the analysis, which was consistent with the wind speed required for the dynamic analysis procedures in the wind loading standard at that time. In 2002 the Australia/New Zealand Standard was changed to use gust wind speeds. Using the results presented in this paper Eq(4) can now be revised to use the gust speed, and to correct for the small 12% average under-prediction that is evident in Fig. 18 and Table 6 (4) Predictions of accelerations from this equation are given in Table 6 where it can be seen that it gives slightly better predictions of accelerations than Eq(4).
Conclusions to Parts 1 and 2
In Part 1 of the paper it was found that in this complex and rugged Belmont Hill region terrain, where shedding of eddies by upstream hills has an important influence on the windspeeds, and the presence of valleys and ridges along the wind direction further complicates the flow regime, CFD modelling with Gerris or scale modelling with a wind tunnel differentiates very well between the regions where the flow is sped up and slowed down at the low measurement height of 5 m. Results are within 15% and frequently within 5%. A simple potential flow solution with some adjustment for roughness changes using WASP gives less accurate results -tending to overestimate both the speedups and sheltering. For the low height of 5 m, the loadings Standard AS/NZS 1170.2 struggles to differentiate as well between sheltered and exposed sites at scales less than 500 m due to the requirement for fitting the hill to 500 m long straight line segments, and appears to produce variable estimates of design winds depending on the assumptions made by the person carrying out the calculations. However, when results from the standard are compared with wind tunnel results at much larger heights, its performance is much better, especially for heights around 100 m. Nonetheless, irrespective of whether the method in the standard uses local values or global values for determining slopes, it does not appear to correctly predict the rather large reduction in speedup with height that is evident from the present wind tunnel investigation. Perhaps the approach in the standard needs to be modified so that the surrounding fetch that is considered in the slope calculations scales with the height of interest, like the upwind fetch used to calculate the average terrain roughness in the standard.
The secondsection of the paper describes the results of monitoring the wind-induced building motion of five tall buildings between 2009 and 2012, four in Wellington and one in Auckland. The buildings were selected to be fairly representative of tall buildings in New Zealand; buildings which are known to experience high accelerations were not selected for the study. The measured accelerations were compared with acceptability criteria from ISO Standard 10137:2007. The accelerations were within the acceptability criteria for four of the buildings, and exceeded the criteria by about 20% for the fifth building. The relationship between wind speed and acceleration was examined for three of the buildings. The measured wind-induced accelerations were found to be approximately proportional to the cube of the wind speed. This demonstrates that accurate estimation of the wind speed is critical in order to make accurate design predictions of wind-induced building motions. A simple predictive equation has been described andshown to give reasonable estimates of the expected annual maximum building motion.
